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Abstract Malignant gliomas are the most common pri-
mary brain tumors, and the molecular mechanisms in-
volving their progression and recurrence are still largely
unclear. Substantial data indicate that the oncogene miR-
494-3p is significantly elevated in gliomas, but the mole-
cular functions of miR-494-3p in gliomagenesis are largely
unknown. The present study aimed to explore the role of
miR-494-3p and its molecular mechanism in human brain
gliomas, malignant glioma cell lines, and cancer stem-like
cells. The expression level of miR-494-3p in 48 human
glioma issues and 8 normal brain tissues was determined
using stem-loop real-time polymerase chain reaction
(PCR). To study the function of miR-494-3p inhibitor in
glioma cells, the miR-494-3p inhibitor lentivirus was used
to transfect glioma cells. Transwell invasion system was
used to estimate the effects of miR-494-3p inhibitor on the
invasiveness of glioma cells. A mouse model was used to
test the effect of miR-494-3p inhibitor on glioma prolif-
eration and invasion in vivo. Results showed that the ex-
pression of miR-494-3p in human brain glioma tissues was
higher than in normal brain tissues. Downregulated ex-
pression of miR-494-3p can inhibit the invasion and
proliferation and promote apoptosis in glioma cells.
Quantitative reverse transcription PCR and Western blot-
ting analysis revealed that the expression of PTEN was
increased after downexpression of miR-494-3p in glioma
cells (U87 and U251). miR-494-3p inhibitor could prevent
migration, invasion, proliferation, and promote apotosis in
gliomas through PTEN/AKT pathway. Therefore, the study
results have shown that miR-494-3p may act as a
therapeutic target in gliomas.
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Introduction
Glioblastoma is the most common primary brain tumor,
accounting for nearly 40 % of all central nervous system
malignancies (Frank et al. 2007). They have the ability of
higher invasion, migration, proliferation, and lower apop-
tosis. In spite of advances in surgery, radiation therapy, and
chemotherapy, the prognosis of patients with gliomas has
not significantly improved and the median survival time of
patients is expected to be 12–15 months (Wen and Kesari
2008). The poor prognosis of gliomas is largely attributed
to their rapid growth, invasive/migratory nature, and high
rate of recurrence. Therefore, a novel therapeutic strategy
would involve suppression of proliferation, inhibition of
glioma cell migration, and promotion of glioma cell
apoptosis.
Phosphatase and tensin homolog, which is deleted on
chromosome 10 (PTEN), is one of the most frequently lost
tumor suppressors in various types of cancers in humans
(Dimpy et al. 2006). Over the past decades, some re-
searchers have found that the PTEN gene plays the most
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important role in the progression of gliomas (Kim et al.
2011). In agreement with their antioncogenetic role, PTEN
mediates cell proliferation, migration, apoptosis, and an-
giogenesis by activating the AKT pathway (Davies et al.
1998a, b; Mehrian et al. 2007). PTEN has often been re-
ported to be abnormally expressed in breast, liver, lung,
and brain cancers (Estrella et al. 2014; Xu et al. 2014).
Some researchers have found that PTEN messenger ri-
bonucleic acid (mRNA) can be regulated by microRNA
(miRNA).
miRNAs are small, endogenous, noncoding RNAs that
regulate gene expression by antisense complementarity to
specific mRNAs. Cumulative evidences indicate that
miRNAs regulate diverse biologic processes such as cell
migration, invasion, proliferation, identity, apoptosis, stress
resistance, and stem cell maintenance (Gabriely et al. 2008;
Hwang and Mendell 2006). miRNAs can target different
genes including oncogenes and antioncogenes, while some
miRNAs function as tumor suppressors and others act as
oncogenes in various cancers (Yang et al. 2012; Li et al.
2012). In the past decades, many microRNAs such as miR-
21, miR-155, miR-16, and miR-218 have been found to
regulate the progress of gliomas (Yang et al. 2014a, b;
Yanyang et al. 2013; Zhou et al. 2013). However, the
function of miR-494-3p in regulating glioma progression is
poorly understood.
The present study aimed to explore the role of miR-494-
3p and its molecular mechanism in human brain gliomas,
malignant glioma cell lines, and cancer stem-like cells.
miR-494-3p was significantly upregulated in glioma cells
and clinical glioma tissues compared to normal brain tis-
sues. It could be assumed that miR-494-3p can promote
glioma cell invasion and proliferation and inhibit its
apoptosis. Downexpression of miR-494-3p in glioma cells
and their stem cell-like cells markedly suppresses the
motility, invasion, and proliferation; and it promotes their
apoptosis. miR-494-3p can target the PTEN mRNA.
Therefore, miR-494-3p may inhibit the expression of
PTEN protein and promote the progression of gliomas.
Materials and Methods
Patients and Samples
Forty-three glioma samples were prospectively obtained
from 29 Chinese patients between March 2009 and
September 2013 at the Department of Neurosurgery, Brain,
and Nerve Research Laboratory of the First Affiliated
Hospital of Soochow University. Forty-three patients with
glioma (28 men and 15 women) were also included. Their
glioma condition was graded based on the 2007 World
Health Organization (WHO) Classification System. Eight
normal brain tissue samples were obtained from adult pa-
tients with craniocerebral injuries; for whom, a partial re-
section of brain tissue was required as decompression
treatment to reduce intracranial pressure. All human sam-
ples were used in accordance with the policies of the In-
stitutional Review Board of the First Affiliated Hospital of
Soochow University.
Cell Lines and Cancer Stem-Like Cell Culture
U87MG and U251MG were purchased from the Chinese
Academy of Sciences Cell Bank in 2012. They were grown
in Dulbecco’s modified Eagle’s medium (DMEM; Hycol-
ne, Thermo Fisher Scientific, Waltham, MA, USA) sup-
plemented with 10 % fetal bovine serum (FBS; Gibco) and
100 U/mL penicillin/streptomycin (Gibco).
Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR) Analysis of mRNA and miRNA Expression
Total RNA from tissues and cells was isolated using TRIzol
reagent (Invitrogen) for both mRNA and miRNA analyses.
The expression level ofmiR-494-3pwas carried out usingAll-
in-One miRNA qRT-PCR Detection Kit (GeneCopoeia) per
manufacturer’s instructions (Applied LightCycler480) and
was normalized to the expression of RNU6. The expression of
PTENmRNAwas determined usingSYBRGreen I qRT-PCR
Kit permanufacturer’s instructions (AppliedLightCycler480)
and was normalized to the expression of glyceraldehyde
3-phosphate dehydrogenase mRNA. The following primers
were used: PTEN mRNA forward: 50-AAGCTGGAAAGG
GACGAACT-30, reverse: 50-ACACATAGCGCCTCTGAC
TG-30 and GAPDH mRNA forward: 50-CCTCTCTCTAAT
CAGCCCTCTG-30, reverse: 50-AGAAGGCTGGGGCTCA
TTTG-30 (Sangon, Shanghai, China).
In Vitro Migration and Invasion Assays
U87 and U251 were transfected with miR-494-3p inhibitor
or negative control and kept in a 6-well insert. After cul-
tured for 24 h, the transfected cells were transferred to the
top of the matrigel-coated invasion chambers (24-well in-
sert, 8um pore size, BD) in serum-free DMEM. To the
lower chambers, DMEM contain 10 % FBS were added as
a chemoattractant. In the cultured system, noninvading
cells from the top wells were removed by a cotton wrap.
Cells on the lower membrane surface were fixed in 4 %
formaldehyde and stained with 0.2 % crystal violet. In-
vading cells were manually counted in five randomly
chosen fields under a microscope, and photographs were
used.




Twenty-four hours after transfection with miR-494-3p and
negative control, 1,000 cells in 150 lL media per well were
seeded and cultured in a 96-well plate for 24 h. MTT was
diluted to 5 mg/mL in phosphate buffered saline (PBS) and
20 lL were added to each well. After 4 h, the cells were
resuspended in 200 lL of dimethyl sulfoxide (DMSO) and
shaken for 15 min. The absorbance was measured at
570 nm, with 655 nm as the reference wavelength. All
experiments were performed in triplicate.
Analysis of Apoptosis
The apoptosis of the cells infected with miR-494-3p inhibitor
vector or negative control vectorwas assayed by stainingwith
Annexin V-PE (BD Biosciences, USA) and detected by flow
cytometry. Cells were collected and washed with ice-cold
PBS 5 days after transfection and stained with 100 lL bind-
ing buffer containing 5 lL Annexin V-PE at room tem-
perature in the dark for 10–15 min. For each experiment,
20,000 cells were analyzed using the FACSCalibur flow cy-
tometer. All the experiments were performed in triplicate.
Western Blot Analysis
Forty-eight hours after miR-494-3p inhibitor and negative
control transfection, total protein lysate was extracted using
radioimmunoprecipitation assay lysis buffer (50 mM Tris/
HCl pH7.5, 0.1 % sodiumdodecyl sulfate (SDS), 1 %Triton-
X 100, 0.5–1 % sodium deoxycholate, 150 mM sodium
chloride, and protease inhibitors (Roche). Protein samples
were separated with 10 % SDS–polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred onto nitrocellulose
membranes. Membranes were incubated with primary anti-
bodies overnight at 4 C. Membranes were washed and in-
cubated for 2 h with horseradish peroxidase (HRP)-
conjugated anti-rabbit secondary antibodies (Prosci Inc.
1:3,000; Poway, CA, USA), followed by detection and visu-
alization using ECL Western blotting detection reagents
(Pierce antibodies, Thermo Fisher,USA). The primary anti-
bodies usedwere anti-PTEN (1:1,000;Abcam,Tokyo, Japan),
anti-BCL2 (1:500; Abcam, Tokyo, Japan), anti-Bax (1:1,000;
Abcam, Tokyo, Japan), anti-matrixmetallopeptidase (MMP)-
2 (1:500; Abcam, Tokyo, Japan), and anti-MMP9 (1:1,000;
Abcam, Tokyo, Japan), anti-caspase3, and caspase9 (1:1,000;
Abcam, Tokyo, Japan).
Xenografted Tumor Model
Computer-designed oligonucleotide sequences expressing
the miR-494-3p inhibitor were connected to the EmGFP-
miR lentivirus. The lentivirus was transfected with U87
cells using transfection enhanced buffer. To select the
stably transfected U87 cells, cells with efficiency about
80–90 % were transfected and cultured for 1 month and
subcultured for more than 10 generations. Furthermore, the
transfected cells (1 9 105) were implanted in the flanks of
athymic mice to establish the intracranial tumor models.
All mouse experiments were carried out in accordance with
institutional guidelines and regulations of the government.
Immunohistochemistry and Immunofluorescence
Glioma tissue paraffin specimens and U87 glioma cell
transplantation tumor specimens were used only in the
laboratory. The specimens were cut with a microtome in
4 lm sections. Antigen retrieval was performed in 10 mM
sodium citrate buffer of pH 6 for 10 min at 100 C. Slides
were incubated with primary antibodies against MMP9, Ki-
67 (Boster Bioengineering Co., Wuhan, China), and PTEN
at 4 C for night. Sections were subsequently incubated
with the Cell and Tissue Staining Kit HRP-3,30-
Fig. 1 Expression of miR-494-3p and PTEN mRNA were inversely
correlation in glioma tissues and cells. a, b The expression of miR-
494-3p in glioma tissues and glioma cell lines were higher than in
normal brain tissues (p\ 0.05). c The expression of PTEN mRNA in
glioma tissues was lower than in normal brain tissues (p\ 0.05)
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diaminobenzidine system (R&D Systems, Minneapolis,
MN, USA), per the manufacturer’s instructions. Im-
munostainings were run with known positive and negative
tumor controls.
Statistical Analysis
Statistical analyses were performed using SPSS version
13.0 (SPSS, Chicago, IL, USA), and significance was de-
termined with two-tailed Student’s t test. Data were con-
sidered statistically significant at p\ 0.05.
Result
Baseline Characteristics
The mean ages of the patients at the time of surgery were
49.6 years for men and 48.2 years for women. There were
2 cases of grade I (pilocytic astrocytoma), 10 cases of
grade II (diffuse astrocytoma), 10 cases of grade III
(anaplastic astrocytoma), and 13 cases of grade IV (pri-
mary brain glioblastoma), according to the 2007 WHO’s
classification system.
Expression of miR-494-3p and PTEN mRNA were
Inversely Correlated in Glioma Tissues and Cells
The expression level of miR-494-3p in 35 human glioma
issues and 8 normal brain tissues was determined using
stem-loop real-time PCR systems. Compared with control
and normal brain tissues, the expression level of miR-494-
3p was significantly upregulated in glioma tissues (Fig. 1a,
b). Based on the available literature that the expression of
miR-494-3p might be target the PTEN mRNA and could
suppress the expression of PTEN mRNA, the expression of
the gene in 35 human glioma tissues and 8 normal brain
tissues was detected. In this study, the expression of PTEN
mRNA was significantly downregulated in glioma tissues,
and the expression of PTEN and miR-494-3P was inversely
correlated in glioma tissues (Fig. 1c).
miR-494-3p Inhibitor Lentivirus-Transfected Glioma
Cell and miR-494-3p Inhibitor can Suppress
the Proliferation of Glioma Cells
To study the function of miR-494-3p inhibitor in glioma
cells, the miR-494-3p inhibitor lentivirus was used to
transfect glioma cells. The transfection efficiency remained
more than 75 % (Fig. 2a). A MTT proliferation assay
demonstrated that cell proliferation was decreased in U87
and U251 glioma cells that were transfected with the miR-
494-3p inhibitor vector compared with the empty vector
cells or untreated cells (Fig. 2b).
miR-494-3p Inhibitor Reduces Invasiveness of Glioma
Cells In Vitro
Transwell invasion system was used to estimate the effects
of miR-494-3p inhibitor on the invasiveness of glioma
Fig. 2 miR-494-3p inhibitor
could suppress the proliferation
of glioma cells. a Establishment






cells (U87 and U251) in vitro
measured by MTT assay
(**p\ 0.01)
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cells. The numbers of invasive cells with miR-494-3p in-
hibitor vector were significantly reduced compared with
the empty vector cells or untreated cells (Fig. 3a, b). To
further study the mechanism of the effects of miR-494-3p,
Western blot was used to measure the proteins MMP2 and
MMP9 (Fig. 3c).
miR-494-3p Inhibitor Promotes the Apoptosis
in Human Glioma Cells
It was examined whether miR-494-3p inhibitor could fa-
cilitate apoptosis in human glioma cells. Flow cytometry
data indicated that decreasing miR-494-3p expression
Fig. 3 miR-494-3p inhibitor
could reduce invasiveness of
glioma cells in vitro. a, b The
numbers of invasive cells with
miR-494-3p inhibitor vector
were significantly reduced
compared with the empty vector
cells or untreated cells
(**p\ 0.01). c The protein
expression of MMP9 and
MMP2 was obviously reduced
by miR-494-3p inhibitor
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could induce early apoptosis, compared with the empty
vector cells or untreated cells and that the proportion of
early apoptotic cells in the miR-494-3p inhibitor treatment
group was markedly increased (p\ 0.01, n = 3) (Fig. 4a).
The mechanism of transfection of the miR-494-3P in-
hibitors on inducing apoptosis in human glioma cells was
further investigated. BCL2, Caspase-3, and Caspase-9 were
detected by Western blot. Data showed that the down-
regulation of miR-494-3p led to significant downregulation
of BCL2 expression and upregulation of Caspase-3 and
Caspase-9 expressions (Fig. 4b).
miR-494-3P Inhibitor Reduces Cell Proliferation
and Promote Cell Apoptosis Through PTEN/AKT
Signaling
miRNAs influence biological functions by inversely
regulating their target genes. PTEN is a direct target of
miR-494-3p in HEK-293 cell. The protein of PTEN was
measured by Western blot. The expression of PTEN was
upregulated in the group transfected with miR-494-3p in-
hibitor vector compared to the empty vector cells or un-
treated cells (Fig. 5a). The increase in PTEN expression or
activity could contribute to the decreased AKT activation
and led to subsequent growth, invasion, and survival in
many cell types. miR-494-3p downexpression led to de-
creased AKT phosphorylation in glioma cells (Fig. 5a). In
addition, the immunofluorescence method and Q-PCR
systems were used to detect the expression of PTEN in the
glioma cells. Upexpression of PTEN in transfected miR-
Fig. 4 miR-494-3p inhibitor could promote the apoptosis in human
glioma cells. a miR-494-3p inhibitor induced early apoptosis,
compared with the empty vector cells or untreated cells and that the
proportion of early apoptotic cells in the miR-494-3p inhibitor
treatment group was markedly increased (p\ 0.05, n = 3). b miR-
494-3p inhibitor led to significant downregulation of BCL2 expres-
sion and upregulation of Caspase-3 and Caspase-9 expression
Fig. 5 miR-494-3P inhibitor reduced cell proliferation and promoted
cell apoptosis through PTEN/AKT signaling. a miR-494-3p inhibitor
increased the protein expression of PTEN and decreased the protein
expression of AKT. b miR-494-3p inhibitor upregulated PTEN
mRNA in glioma cells (**p\ 0.01)
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494-3p inhibitor vector was observed compared to the
empty vector cells or untreated cells (Fig. 5b).
Downregulation of miR-494-3p Reduced Glioma
Growth and Invasiveness in Glioma Xenograft Model
A mouse model was used to test the effect of miR-494-3p
inhibitor on glioma proliferation and invasion in vivo. To
further study the function, immunohistochemical method
was used to detect the expression of Ki-67, PTEN, MMP2,
and MMP9. We measured the relative expression of Ki-67,
PTEN, MMP2, and MMP9 by percentage of positive cells;
we found that the expression of the protein in U87-miR-
494-3p inhibitor were changed compared to U87
(*p\ 0.05, **p\ 0.01) (Fig. 6).
Above all, downregulation of miR-494-3p could reduce
glioma proliferation and invasion and promote apoptosis.
Discussion
The present study explored the role of miR-494-3p and its
molecular mechanism in human brain gliomas and malig-
nant glioma cell lines. Previous studies showed that
miRNA could act as a cancer gene, and tumor-suppressor
genes might play a role in the occurrence and development
of glioma (Van Wynsberghe et al. 2011; Reifenberger and
Collins 2004; Croce et al. 2005). For instance, miR-16 and
miR-218 were proved to be acted as cancer genes (Yang
et al. 2014a, b; Tu et al. 2013). miR-21 and miR-211 were
proved to be acted as tumor-suppressor genes (Yu Ren
et al. 2010; Qiang et al. 2014). In the present study, miR-
494-3p was found to be act as a cancer gene that could
promote glioma cell proliferation through the downex-
pression of PTEN, a tumor-suppressor gene (Kwak et al.
2014; Liu et al. 2012). Furthermore, the function of miR-
494-3p in glioma cells could be activated through the
signaling pathway of PTEN/AKT.
miR-494, a well-known miRNA, is most frequently
upexpressed in several different types of human cancers;
and it has been found to be implicated in multiple cell
processes including cell proliferation, apoptosis, and in-
vasion. miR-494 acts as an antioncogene in gastric carci-
noma by targeting c-myc (Li et al. 2014; Shen et al. 2014).
Another study has shown that miR-494 can downregulate
PTEN gene expression in cells transformed by anti-ben-
zo(a)pyrene-trans-7,8-dihydrodiol-9,10-epoxide(Liu et al.
2010), indicating that miR-494 may be downregulated the
expression of PTEN gene to promote the progression of
gliomas. The current study showed that the expression of
miR-494-3p in human glioma tissues and human glioma
cell lines were higher than in normal brain tissues; miR-
494-3p expression was inversely correlated with tumor
grade.
PTEN is the first found in a double specific phosphatase
activity of tumor suppressor genes, and it is closely asso-
ciated with tumorigenesis after the p53 gene. PTEN protein
plays an important role in cell growth, apoptosis, adhesion,
Fig. 6 miR-494-3p can inhibit
the cell proliferation in
xenografted tumor model. The
expression of Ki-67, PTEN,
MMP2, and MMP9 in vivo
(9400)
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migration, and infiltration. Some researchers have found
that the PTEN gene has the most important role in the
progression of gliomas (Li et al. 1997; Watanabe et al.
1998). PTEN loss can be activated AKT, thus promoting
the progression of tumor. The expression of phosphory-
lated-AKT is the key factor representing the activities of
PTEN/AKT pathways (Davies et al. 1998a, b; Sakata et al.
2002). The present study has found that miR-494-3p may
target the gene and inhibit the expression of PTEN in
mRNA and protein. Both in the glioma cell lines U251 and
U87, miR-494-3p inhibitor can enhance the expression of
PTEN to further suppress activated-AKT signaling and
reduce the ability of invasion and proliferation in glioma
cell lines. In addition, the expressions of BCL-2, Caspase-
3, Caspase-9, and PTEN/AKT were changed by miR-494-
3p inhibitor in U251 and U87 cell lines. These data have
showed that the effect of miR-494-3p in the progression of
glioma may be activated the signaling pathway of PTEN/
AKT.
Most current therapies for glioma treatment are inef-
fective. The therapies for malignant gliomas need to seek
novel targets and involve more effective and less toxic
therapeutic strategies. PTEN gene is a tumor prognosis
evaluation index and helps to study tumor action
mechanisms; hence, gene therapy is a great significance to
the diagnosis of tumor (Mueller et al. 2012). PTEN can
prevent uncontrolled cell growth and inhibit tumor for-
mation (Rasheed et al. 1997). Recently, with the increased
research on miRNA, it could be confirmed by bioinfor-
matics that miR-494-3p can reduce the expression of
PTEN. Hence, it could be believed that miR-494-3p may
be used as a molecular target of tumor treatment.
Conclusions
The present study has found that the expression of miR-
494-3p in glioma tissues was higher than in human normal
brain tissues. miR-494-3p could act as a cancer gene to
regulate the growth and invasion in vitro and in vivo in
glioma. miR-494-3p inhibitor can reduce invasion, prolif-
eration, and promote apoptosis in glioma cells. Thus, the
miR-494-3p inhibitor might interrupt the activity of AKT
pathways, independently of PTEN status. The miR-494-3p
inhibitor could enhance the expression of PTEN and may
act as an effective therapeutic strategy for suppressing the
growth of glioblastoma.
Acknowledgments We thank the Animal Research Institute in Nanjing
University for providing nude mice. We thank our central lab for
providing technical instruction and assistance. This work was partly
supported by National Science Foundation (Grant No. 81372689) and
the foundation of Health Department in Jiangsu Province (Grant No.
K201106).
Conflict of interest All authors have no conflict of interest.
Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.
References
Croce CM, Calin GA (2005) miRNAs, cancer, and stem cell division.
Cell 122:6–7
Davies MA, Lu Y, Sano T et al (1998a) Adenoviral transgene
expression of MMAC/PTEN in human glioma cells inhibits Akt
activation and induces anoikis. Cancer Res 58:5285–5290
Davies MA, Lu Y, Sano T, Fang X, Tang P, LaPushin R, Koul D,
Bookstein R, Stokoe D, Yung WK, Mills GB, Steck PA et al
(1998b) Adenoviral transgene expression of MMAC/PTEN in
human glioma cells inhibits Akt activation and induces anoikis.
Cancer Res 58(23):5285–5290
Dimpy K, Ruijun Sh, Sherry B et al (2006) Inhibition of Akt survival
pathway by a small-molecule inhibitor in human glioblastoma.
Mol Cancer Ther 5:637–644
Estrella JS, Broaddus RR, Mathews A et al (2014) Progesterone
receptor and pten expression predict survival in patients with
low- and intermediate-grade pancreatic neuroendocrine tumors.
Arch Pathol Lab Med 138(8):1027–1036
Frank BF, Tim F, Robert MB et al (2007) Malignant astrocytic
glioma: genetics, biology, and paths to treatment. Genes
Development 21:2683–2710
Gabriely G, Wurdinger T, Kesari S, Esau CC, Burchard J, Linsley PS
et al (2008) MicroRNA 21 promotes glioma invasion by
targeting matrix metalloproteinase regulators. Mol Cell Biol
28:5369–5380
Hwang HW, Mendell JT (2006) MicroRNAs in cell proliferation, cell
death, and tumorigenesis. Br J Cancer 94:776–780
Kim J-S, Xu X, Li H, Solomon D, Lane WS, Jin T, Waldman T et al
(2011) Mechanistic analysis of a DNA damage-induced, PTEN-
dependent size checkpoint in human cells. Mol Cell Biol
31(13):2756–2771
Kwak SY, Yang JS, Kim BY, Bae IH, Han YH et al (2014) Ionizing
radiation-inducible miR-494 promotes glioma cell invasion
through EGFR stabilization by targeting p190B rhoGAP.
Biochim Biophys Acta 1843(3):508–516
Li J, Yen C, Liaw D, Podsypanina K, Bose S et al (1997) PTEN, a
putative protein tyrosine phosphatase gene mutated in human
brain, breast, and prostate cancer. Science 275(5308):1943–1947
Li H, Yang BB et al (2012) Stress response of glioblastoma cells
mediated by miR-17-5p targeting PTEN and the passenger strand
miR-17-3p targeting MDM2. Oncotarget 3:1653–1668
Li L, Li Z, Kong X, Xie D, Jia Z, Jiang W, Cui J, Du Y, Wei D,
Huang S, Xie K et al (2014) Down-regulation of MicroRNA-494
via loss of SMAD4 increases FOXM1 and b-catenin signaling in
pancreatic ductal adenocarcinoma cells. Gastroenterology
147(2):485–497
Liu L, Jiang Y, Zhang H, Greenlee AR, Han Z et al (2010)
Overexpressed miR-494 down-regulates PTEN gene expression
in cells transformed by anti-benzo(a)pyrene-trans-7,8-dihydro-
diol-9,10-epoxide. Life Sci 86(5–6):192–198
Liu Y, Lai L, Chen Q, Song Y, Xu S, Ma F, Wang X, Wang J, Yu H,
Cao X, Wang Q (2012) MicroRNA-494 is required for the
accumulation and functions of tumor-expanded myeloid-derived
suppressor cells via targeting of PTEN. J Immunol. 188(11):
5500–5510
686 Cell Mol Neurobiol (2015) 35:679–687
123
Mehrianshai R, Chen CD, Shi T et al (2007) Insulin growth factor-
binding protein 2 is a candidate biomarker for PTEN status and
PI3K/Akt pathway activation in glioblastoma and prostate
cancer. PNAS 104:5563–5568
Mueller S, Phillips J, Onar-Thomas A, Romero E, Zheng S, Wiencke
JK, McBride SM, Cowdrey C, Prados MD, Weiss WA, Berger
MS, Gupta N, Haas-Kogan DA et al (2012) PTEN promoter
methylation and activation of the PI3K/Akt/mTOR pathway in
pediatric gliomas and influence on clinical outcome. Neuro
Oncol 14(9):1146–1152
Rasheed BK, Stenzel TT, McLendon RE, Parsons R, Friedman AH,
Friedman HS, Bigner DD, Bigner SH et al (1997) PTEN gene
mutations are seen in high-grade but not in low-grade gliomas.
Cancer Res 57(19):4187–4190
Reifenberger G, Collins VP (2004) Pathology and molecular genetics
of astrocytic gliomas. J Mol Med (Berl) 82:656–670
Ren Yu, Zhou Xuan, Me Mei, Yuan Xu-Bo et al (2010) MicroRNA-
21 inhibitor sensitizes human glioblastoma cells U251 (PTEN-
mutant) and LN229 (PTEN-wild type) to taxol. BMC Cancer
10:27
Sakata K, Kato S, Fox JC, Shigemori M, Morimatsu M et al (2002)
Autocrine signaling through Ras regulates cell survival activity
in human glioma cells: potential cross-talk between Ras and the
phosphatidylinositol 3-kinase-Akt pathway. J Neuropathol Exp
Neurol 61(11):975–983
Shen PF, Chen XQ, Liao YC, Chen N, Zhou Q, Wei Q, Li X, Wang J,
Zeng H et al (2014) MicroRNA-494-3p targets CXCR4 to
suppress the proliferation, invasion, and migration of prostate
cancer. Prostate 74(7):756–767
Van Wynsberghe PM, Chan SP, Slack FJ, Pasquinelli AE (2011)
Analysis of microRNA expression and function. Methods Cell
Biol 106:219–252
Watanabe K, Peraud A, Gratas C et al (1998) p53 and PTEN gene
mutations in gemistocytic astrocytomas. Acta Neuropathol
95(6):559–564
Wen PY, Kesari S (2008) Malignant gliomas in adults. N Engl J Med
359:492–507
Xie Q, Huang Z et al (2014) MiR-221 mediates epithelial-mesenchy-
maltransition-related gene expressions via regulation of PTEN/
Akt signaling in drug-resistant glioma cells. J South Med Univ
34(2):218–222
Xu LF, Wu ZP et al (2014) MicroRNA-21 (miR-21) Regulates
cellular proliferation, invasion, migration, and apoptosis by
targeting PTEN, RECK and Bcl-2 in lung squamous carcinoma,
Gejiu City, China. PLoS One 9(8):e103698
Yang L, Li Q, Wang Q, Jiang Z, Zhang L (2012) Silencing of
miRNA-218 promotes migration and invasion of breast cancer
via Slit2-Robo1 pathway. Biomed Pharmacother 66:535–540
Yang CH, Yue J, Pfeffer SR et al (2014a) MicroRNA-21 promotes
glioblastoma tumorigenesis by downregulating IGFBP3. J Biol
Chem 289(36):25079–25087
Yang TQ, Lu XJ, Wu TF et al (2014b) MicroRNA-16 in-
hibits glioma cell growth and invasion through suppression of
BCL2 and the nuclear factor-jB1/MMP9 signaling pathway.
Cancer Sci 105(3):265–271
Tu Y, Gao X, Li G et al (2013) MicroRNA-218 inhibits glioma
invasion, migration, proliferation, and cancer stem-like cell self-
renewal by targeting the polycomb group gene Bmi1. Cancer
Res 73:6046–6055
Zhou J, Wang W, Gao Z, Peng X (2013) MicroRNA-155 pro-
motes glioma cell proliferation via the regulation of MXI1.
PLoS One 8(12):e83055
Cell Mol Neurobiol (2015) 35:679–687 687
123
